Abstract Novel satellite measurements of solar-induced chlorophyll fluorescence (SIF) can improve our understanding of global photosynthesis; however, little is known about how to interpret the controls on its spectral variability. To address this, we disentangle simultaneous drivers of fluorescence spectra by coupling active and passive fluorescence measurements with photosynthesis. We show empirical and mechanistic evidence for where, why, and to what extent leaf fluorescence spectra change. Three distinct components explain more than 95% of the variance in leaf fluorescence spectra under both steady-state and changing illumination conditions. A single spectral shape of fluorescence explains 84% of the variance across a wide range of species. The magnitude of this shape responds to absorbed light and photosynthetic up/down regulation; meanwhile, chlorophyll concentration and nonphotochemical quenching control 9% and 3% of the remaining spectral variance, respectively. The spectral shape of fluorescence is remarkably stable where most current satellite retrievals occur ("far-red," >740nm), and dynamic downregulation of photosynthesis reduces fluorescence magnitude similarly across the 670-to 850-nm range. We conduct an exploratory analysis of hourly red and far-red canopy SIF in soybean, which shows a subtle change in red:far-red fluorescence coincident with photosynthetic downregulation but is overshadowed by longer-term changes in canopy chlorophyll and structure. Based on our leaf and canopy analysis, caution should be taken when attributing large changes in the spectral shape of remotely sensed SIF to plant stress, particularly if data acquisition is temporally sparse. Ultimately, changes in SIF magnitude at wavelengths greater than 740 nm alone may prove sufficient for tracking photosynthetic dynamics.
Introduction
There is a critical need to improve the mapping and monitoring of terrestrial photosynthesis to inform global carbon budgets (Schimel et al., 2015) . Oxygenic photosynthesis converts solar radiation to chemical energy, sustaining nearly all higher life-forms on Earth. Photons captured by leaf chlorophyll have three primary fates: they can drive photosynthesis (photochemical quenching, PQ), be dissipated as heat (nonphotochemical quenching, NPQ), or be emitted as chlorophyll a fluorescence (ChlF). An analysis of the emission of photons in the 650-to 850-nm ChlF range provides information on light utilization at subcellular and leaf scales (Baker, 2008; Krause & Weis, 1991) . Leaf-level ChlF is typically integrated over a broad spectral region using pulse-amplified modulation (PAM) instruments (Schreiber et al., 1986) . Since PAM fluorometry measures the fluorescence response to a weak modulated light (ML) source, the magnitude of fluorescence can be decoupled from reflected radiation and effectively provide a fluorescence yield (ΦF t ). Further, PAM fluorometry uses short saturating light pulses to close photosystem II (PSII) and thereby enable the determination of PQ and NPQ of absorbed photons (Krause & Weis, 1991) . For these reasons, PAM fluorometry has been a valuable tool in plant ecophysiology research-but is restricted to the leaf scale-spurring efforts to scale ChlF to larger scales from remote sensing platforms (Meroni et al., 2009; Albert Porcar-Castell et al., 2014) .
Recent advances in the remote sensing of solar-induced ChlF (SIF)-indicative of the product of ΦF t,λ and absorbed photosynthetically active radiation (APAR)-show promise for mapping plant photosynthetic dynamics globally (Frankenberg et al., 2011; Guanter et al., 2014; Joiner et al., 2011; Sun et al., 2018 Sun et al., , 2017 . However, the direct connection between PAM ChlF, remotely sensed SIF, and photosynthesis is lacking. Here, we define leaf-level ChlF as F t,λ , and canopy-level ChlF as SIF λ , both measuring the absolute radiant energy flux of ChlF from remote sensing platforms (e.g., W·m
−2 ·nm −1 ·sr −1 ; equation (1)):
where APAR is absorbed photosynthetically active radiation (μmol·m −2 ·s −1 ), β λ is the spectrally dependent leaf or canopy escape probability, f PSII is the fraction of photons absorbed by PSII photosystems, Φ is fluorescence yield of PSII and PSI (quanta emitted/quanta absorbed), and S is the spectral shape of PSII and PSI (J·μmol 
where APAR ML is the absorbed radiant energy from a fixed output ML and the wavelength dependency of β and S is simply measured as the integral of emitted fluorescence somewhere in the 650-to 850-nm range (depending on the manufacturer; Magney, Frankenberg, et al., 2017) , while c is a factor that accounts for the preset sensitivity of the photodiode (mV/[W·m −2 ·nm −1 ·sr −1 ]). The spectral shape (S) of ChlF has two peaks centered in the red (~685nm) and far-red (~740 nm) spectrum, with nonequal contributions from PSI and PSII. PSII exhibits variable fluorescence across the ChlF spectrum as its yield is affected by PQ and NPQ (Franck et al., 2005; Lambrev et al., 2010) ; PSI generally has a lower yield and is assumed to be constant (not impacted by changes in NPQ and PQ; Franck et al., 2002; Hasegawa et al., 2010) . Since PSI contributes very little to red ChlF (~685 nm), red wavelengths are thought to be more responsive to environmental stress (downregulation of photosynthesis) compared to far-red fluorescence-where PSI contributes a potentially significant fraction to the total SIF signal.
The magnitude and spectral shape of leaf ChlF are known to change with irradiance conditions , chlorophyll concentration (Buschmann, 2007; Gitelson et al., 1998; Hak et al., 1990; Lichtenthaler et al., 1990) , physiological condition (PSI/PSII contributions, NPQ; Franck et al., 2005 Franck et al., , 2002 Lambrev et al., 2010; Palombi et al., 2011; Rizzo et al., 2014) , temperature (Agati, 1998; Croce et al., 1996) , photosystem stoichiometry and structure (Farooq et al., 2018; Johnson et al., 2005) , and leaf optical properties Vilfan et al., 2016) . At steady state, a large body of research suggests that deviations in the red (~685 nm) to far-red (~750 nm) ChlF ratio are controlled by Chl concentration, which regulates the degree of reabsorption in the red part of the spectrum along the escape path of the photon (Buschmann, 2007; Gitelson et al., 1998; Lichtenthaler et al., 1990) . By accounting for changes in the spectral shape due to Chl reabsorption, researchers have suggested that the red:far-red ChlF ratio can potentially provide information on the responses of vegetation to water, temperature, or nitrogen stresses (Ač et al., 2015; Agati, 1998; Buschmann, 2007; Genty et al., 1990; Lichtenthaler et al., 1998) . Building on this, some canopyscale research indicates that large diurnal changes in the remotely sensed red:far-red SIF ratio can be attributed to the downregulation of photosynthesis (Ač et al., 2015; Middleton et al., 2017; Wieneke et al., 2016 Wieneke et al., , 2018 ; but note that this may be overshadowed by canopy structure and measurement geometry effects (Goulas et al., 2017; Liu et al., 2018) . However, we are not aware of any attempts to disentangle contributing factors (i.e., Chl and changes in PSI/PSII fluorescence contributions), which simultaneously impact the spectral shape of ChlF ratio on single leaves.
Additionally, challenges remain regarding how the nonlinear relationships between photosynthesis, NPQ, and ChlF at the leaf scale affect SIF at the canopy scale (Porcar-Castell et al., 2014; van der Tol et al., 2014) . Current SIF retrievals in discrete and narrow wavelength bands appear to track the dynamics of photosynthesis at a wide range of spatial scales Sun et al., 2017; Wieneke et al., 2016; Yang et al., 2015; Magney et al., 2019) but are mostly restricted to spectral windows around 750 nm, with attempts to derive independent estimates of SIF at 680 nm (Joiner et al., 2016) . Future missions propose to retrieve the full SIF spectrum (Drusch et al., 2016; Zhao et al., 2018) , which could be useful for better constraining photosynthetic efficiencies if the controls on the ChlF spectral shape at both leaf and canopy scales are well understood. This is particularly important as satellite measurements made at one time during the day will need to decouple covarying contributions to the ChlF spectral shape related to canopy biochemistry, physiology, and structure.
Here, we test the potential for disentangling contributions to the shape of the ChlF spectrum at the leaf scale and investigate how these results manifest at the canopy scale. We use a recently developed instrument to measure PAM and spectrally resolved ChlF simultaneously in a controlled leaf chamber (Magney, Frankenberg, et al., 2017) , which reveals the response of the ChlF spectral shape to changes in physiological and environmental conditions. A singular-value decomposition (SVD) of ChlF spectra at the leaf scale (F t,λ ) informs our interpretation of red:far-red ChlF at the canopy scale (SIF) and allows us to study where, why, and to what extent the ChlF spectrum changes under three different scenarios:
1. Across and within species at steady-state: Leaf-scale. We disentangle the effects of chlorophyll and photochemistry on ChlF spectra by sampling a range of species from the tropics, boreal forest, cropping systems, and a temperate botanical garden. This experiment informs our understanding of how steadystate F t,λ spectra might vary spatially (across species) and seasonally (within species). 2. Under varying illumination conditions: Leaf-scale. We run leaves through a light response curve to assess changes associated with a wide range of light-induced PQ, NPQ, and photosynthesis for different leaves. This experiment allows us to investigate how spectral shapes vary in time-over the course of a day-as would be observed from a stationary satellite platform. 3. Diurnal and seasonal changes in remotely sensed SIF: Canopy scale. To bridge the gap between leaf and canopy spectral dynamics, we highlight daily and seasonal changes in the red:far-red SIF ratio as observed from a tower system at a soybean field and discuss the covarying controls (chlorophyll, canopy structure, photosynthetic downregulation, and canopy structure) on this ratio.
Materials and Methods

Leaf Samples and Ancillary Data
Leaf samples were collected from four locations: (1) the Huntington Library and Botanical Gardens in Pasadena, CA; (2) La Selva Biological Station in Puerto Viejo de Sarapiquí, Costa Rica; (3) Hyytiälä Forestry Field Station in Finland; and (4) grown in a greenhouse at California Polytechnic State University, San Luis Obispo (Cal Poly). Details on species, sampling, and growth conditions can be found in Table S1 in the supporting information. Leaves from both sunlit and shaded canopy positions were collected to ensure a wide range of growth conditions. For each sample, terminal branches (or shoots) with 3-10 leaves were removed from each plant, immediately placed and recut under water prior to a >20-min dark adaption. In this study only leaves exhibiting mild chlorosis were included so as to not conflate analysis with senesced leaves . Prior to insertion into the leaf cuvette, Chl concentration was collected using an Apogee Chlorophyll Concentration Meter (Apogee Instruments, Logan, UT). The average Chlorophyll Concentration Meter value after three samples was then converted to absolute units (μmol/m 2 ) following Parry et al. (2014) . Note that Chl concentration measurements were only conducted on the Huntington, La Selva, and Cal Poly data sets. Further, we estimate the fraction of absorbed photosynthetically active radiation (fAPAR) value by computing leaf reflectance in the red (at 630 nm) and leaf transmittance using an exponential function to convert Apogee chlorophyll concentration to transmittance according to equation (3):
where Rad is reflected radiance (W·m −2 ·s −1 ) from the leaf surface and a white reference panel (Spectralon,
Labsphere, North Sutton, NH, USA), and Chl is the Chl concentration value computed via transmittance from the Apogee instrument. In the computation of equation (3), we make the assumption that the exponential function accurately describes the fraction of transmitted radiation and that these values are comparable across samples, similar to equation (5).
Leaf-Level Instrumentation
The analysis was done using the instrument and spectral nomenclature described in (Magney, Frankenberg, et al., 2017) (Table S2 ), which includes a coupled fiber optic that simultaneously records PAM and spectral information under the same field of view in an environmentally controlled cuvette. The bundled foreoptic was at an angle of 60 o and 2 mm to the leaf, with an identical field-of-view (FOV) between the PAM and spectral data. The instrument also includes a short-pass filter below the incident light source, attenuating light above 675 nm to isolate the complete ChlF spectrum >675 nm from reflected light. A bank of 90% red and 10% blue LEDs was used as the incident light source to ensure that light quantity and quality was equal across all samples. While the dominance of red light is not ideal for extrapolating these findings to SIF remote sensing, we show that the primary variance in the spectra from red, blue, and white light is within 5% ( Figure S1 and S2). For all samples, ambient CO 2 concentration (varying from 380-420 ppm), a relative humidity of 50%, flow rate of 600 μmol/s and cuvette temperature of 25°C were used. All measurements were made on the upper (adaxial) side of the leaf or needle, the latter of which were configured in "needle mats" (Rajewicz et al., 2019) .
The manufacturer-provided PAM-Fluorimeter 3050-F was used to determine ChlF parameters (Heinz Walz GmbH) using a blue LED saturating pulse of 6,000 μmol·m −2 ·s −1 for 0.8 s. NPQ was calculated as
where F m is maximal fluorescence in the dark, and F m′ is maximal fluorescence in the light. PQ was calculated as (F m /F t ) − (F m /F m′ ), where F t is transient fluorescence measured by the 500-Hz blue modulating light. Spectral measurements were collected using a QE Pro high sensitivity spectrometer (Ocean Optics, Dunedin, FL, USA) with a range of 474-858 nm and spectral sampling of 0.35 nm. Spectra were recorded every 0.2 s from co-adding 20 spectra using a 10-ms integration time. To compare steady-state spectra (F t,λ ) during the light response curve to ancillary variables, a 5-s average of F t,λ data immediately prior to each saturation pulse was used, at which point transient fluorescence had reached a steady state. All measurements were done in a darkened lab to ensure that light from other sources would not enter the leaf chamber. Calculation of all PAM and spectral variables can be found in Table S2 . For the soybean stress experiment, gas-exchange data were collected to measure net photosynthetic assimilation (A net ). The GFS-3000 uses two calibrated infrared gas analyzers to calculate a difference in CO 2 and H 2 O concentrations in a reference and a sample cell during measurements, and photosynthesis was recorded after samples has reached a steady-state at each light level.
Experiment 1: Variability in ChlF Spectrum at Steady State Across and Within Species
To determine the primary modes of variability in the ChlF spectrum at steady state, we compared ChlF spectra (F t,λ ) across a range of 27 species at a PAR of 600 μmol·m −2 ·s −1 . Each sample was dark adapted for >20 min, after which minimal fluorescence (F o ) and a saturation pulse were recorded to estimate maximal fluorescence (F m ) and variable fluorescence (
. Following the recording of F m , the actinic LED light bank was turned on and a saturation pulse was recorded every 30 s (Atherton et al., 2017) to capture NPQ and PQ dynamics. After 4 min of exposure at 600 μmol·m −2 ·s −1 PAR, a 1-min average of F t,λ data was used to produce the steady-state spectral shape. For the across-species experiment, an NPQ and PQ value after 5 min was used. Individuals were not grouped by species so the variance of all individual leaf samples could be accounted for (Table S1 ). To compare the spectral variability across all individuals, a SVD (see section 2.7) was performed on the 675-to 850-nm range for F t,λ , because the red LED spectrum influences the lower range of ChlF wavelengths in F t,λ spectra up to a short-pass filter at 675 nm between leaf samples and the LED unit (Magney, Frankenberg, et al., 2017) . Note that the fiber calibration used during the Hyytiälä campaign differed slightly from the rest of the measurements, so these data were not included in the SVD analysis. A narrative of the SVD analysis across four example species can be found in Figure S3 .
We also conducted a within species experiment to evaluate the wide range of conditions a single species may experience over the course of the season. This analysis was conducted for three common agricultural plants: Zea mays (corn), Glycine max (soybean), and Brassica oleracea (broccoli). Each species was grown in the greenhouse and received different amounts of water (Text S1). Measurements of each sample at 600 μmol·m
·s −1 PAR (to match the across-species experiment) were made across all water conditions for each species and individual. Complete light response curves are presented for the soy plants exposed to stress to compare the impact of changing fluorescence shape against net photosynthesis (Text S1). To validate our empirical data, we use known absorption features in a modeling framework (Text S2). A more detailed discussion on the methods associated with the modeling framework and experimental design can be found in the supporting information (Davis et al., 2015; van der Tol, Verhoef, & Rosema, 2009; van der Tol, Verhoef, Timmermans, et al., 2009 ).
Experiment 2: Variability in Steady-State ChlF Under Different Illumination Conditions
An SVD analysis during the course of a light-response curve (LRC) gives us information on the expected variance of the ChlF spectrum driven by changes in illumination. A similar analysis to experiment 1 was conducted for individuals from the Hyytiälä campaign (see section 2.1) during an LRC. Sampling conditions within the leaf cuvette were identical to previous experiments, except for the changes in PAR. The LRC protocol consisted of exposing a sample to 1,200, 800, 400, 200, 100, 50, and 25 μmol·m −2 ·s −1 of actinic light PAR until a steady state was reached at each light level (where negligible changes in NPQ or PQ were observed). F t,λ data were averaged for 5 s prior to each saturation pulse. A saturation pulse was recorded at the end of each light level, when the sample was presumed to be at steady state based on negligible observed changes in F t from the PAM data. SVD sample weights, singular values, and principal components (PCs) were compared across 18 individuals from five different species from Hyytiälä. The leaves and needles came from upper and lower canopy locations and were all in their second year of growth, detailed information in Table S1 . To validate changes in the shapes observed during the LRC, we conducted a rapid photosynthetic light induction (Kautsky curve) experiment (Text S3 and Figure S4 ). A more detailed discussion on the methods associated with the rapid photosynthetic light induction experiment and its design can be found in the supporting information (Kautsky & Hirsch, 1931; Kitajima & Butler, 1975; Lazar, 1999; Stirbet & Govindjee, 2011) .
To build on our leaf-level analysis, we show canopy level SIF data across a growing season in a soybean field. Canopy spectroscopic retrievals of SIF are done using a two-step least squares retrieval procedure within the solar Fraunhofer lines and have a high signal-to-noise ratio, permitting retrievals in the red (680-686) and far-red (745-758 nm) spectral region under all atmospheric conditions (Grossmann et al., 2018) . While both canopy and leaf level ChlF data are passively collected, we recognize that emitted ChlF as measured in the laboratory is not truly SIF and is thus referred to as F t,λ throughout, while SIF only refers to canopy level measurements.
Experiment 3: Dynamics in Canopy Red:Far-Red SIF Using Tower Spectroscopy Data
Data from a scanning-spectrometer (PhotoSpec) atop a 7-m tower were used for the canopy-scale analysis. The PhotoSpec was deployed just after planting at a soybean field near Ames, IA, USA, in late May 2017 and remained until just prior to harvest in September 2017. The field is on a soybean-corn rotation near the Brooks Field AmeriFlux tower (https://ameriflux.lbl.gov/sites/siteinfo/US-Br3). The farming system, tillage, and nutrient management practices are typical for those in the Upper Midwest Corn-Belt (more details can be found in Dold et al., 2019) .
The detection of SIF is based on measuring change in the optical density of a well-known narrow spectral feature in the presence of a ChlF signal, a solar Fraunhofer line (Carter et al., 1990; Fraunhofer, 1817; Plascyk & Gabriel, 1975) . As is described in Grossmann et al. (2018) , the retrieval of SIF requires a spectrometer with excellent thermal stability, high spectral resolution, and high signal-to-noise ratios to discern SIF from reflected sunlight. The instrumental setup and retrieval algorithm are based on Differential Optical Absorption Spectroscopy (Platt & Stutz, 2008) , an established method to measure atmospheric trace gases. The PhotoSpec instrument consists of a two-dimensional (2-D) scanning telescope unit, which can be pointed to any location on a canopy at user selectable azimuth and elevation angles. Light reaching the telescope is distributed into three thermally stabilized commercial spectrometers via optical fiber bundles. These
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Journal of Geophysical Research: Biogeosciences spectrometers cover wavelength ranges at high spectral resolution to retrieve SIF in the red and far-red wavelength range, as well as at moderate resolution to retrieve vegetation indices such as the normalized difference vegetation index (NDVI), the photochemical reflectance index (PRI), and a remotely sensed chlorophyll index (Chlorophyll RS ; Table S3 and Text S4). More detailed information on vegetation indices can be found in the supplementary information, Text S4 (Datt, 1999) . The telescope unit also includes a commercial PAR sensor (LI-COR LI-190R, Lincoln, Nebraska, USA). A typical measurement sequence in the field starts with the measurement of a solar reference spectrum using an upward-looking opal glass diffuser, followed by a scan from nadir to the horizon in 0.7°steps at two different azimuth directions, with a time resolution of approximately 20 s per measurement. The PhotoSpec also has a 0.7°FOV, making for a~5-to 20-cm diameter footprint on the top of the canopy. The return interval for a complete scan is around 20 min, but we average data from all scans on an hourly time resolution to match the temporal resolution of flux tower data, and to mimic a satellite retrieval with a larger FOV, which would capture all sunlit and shaded canopy components. Further details on the PhotoSpec instrument and retrieval process can be found in Text S4.
Eddy Covariance Data
Net Ecosystem Exchange (NEE) data were collected at an eddy covariance flux tower located in the same field as the PhotoSpec instrument and provided by the U.S. Department of Agriculture National Laboratory for Agriculture and the Environment (Ames, IA). GPP flux partitioning was performed using the REddyProc tool (Wutzler et al., 2018) . The partitioning is achieved by postprocessing half-hourly data sets of NEE together with ancillary meteorological data of friction velocity, global shortwave radiation, air or soil temperature, and vapor pressure deficit. The processing steps consist of (i) filtering of periods with low turbulent mixing, (ii) gap filling of missing data sets, and (iii) partitioning NEE into GPP and respiration fluxes. For the present study nighttime flux partitioning method (Reichstein et al., 2005) using temporally varying respiration-temperature relationship from nighttime data is used.
Statistical Analysis
Using our extensive data set of simultaneously recorded active and passive fluorescence, we assemble measurements into a two-dimensional matrix A with n rows and m columns, where n is the number of species/samples and m is the number of spectral points. Using SVD, we can factorize A into three matrices A = USV T , where the columns of U and V are the left-and right-singular vectors of A, and S is a rectangular diagonal matrix with positive entries representing the singular values (s i ) in descending order. The matrix A containing the ChlF spectra (F t,λ ) can then be perfectly reconstructed by a linear superposition of all left-and right-singular vectors scaled by the corresponding singular values:
where u i is the ith left singular vector (length n) containing individual sample weights, v i is the right singular vector (length m) containing the ith PCs (PC i, equivalent to spectral shapes), and s i is the singular value of the ith component. Typically, only a few components are needed to reconstruct A with sufficient accuracy, explaining most of the variance in F t,λ . However, these main components are mathematically derived and not necessarily related to physical processes. To interpret the PCs in terms of controlling factors, we also performed an SVD on a synthetic dataset, in which we vary contributions from PSI and PSII as well as chlorophyll absorption in a simple model for F t,λ :
where T is the wavelength-dependent leaf transmission, estimated as exp(−x 3 * Chl a,b absorbance), and x 1,2,3 represent contributions from PSI, PSII, and Chl a,b content, respectively.
The SVD approach is applied in many branches of science to reduce the dimensionality of data sets. In some cases, it is even possible to attach a physical meaning to the reduced dimensions (PCs), which result from a decomposition of data in orthogonal directions. In this analysis however, we try to ascribe empirical relationships between PC sample weights and ancillary variables. From (4), the columns of V and U always form an orthogonal set, making no assumptions on the F t,λ matrix. The SVD finds the best fitting line through the data by minimizing the sum of squared distances perpendicular to the least squares line of best fit in each 10.1029/2019JG005029
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The rows of the left singular vectors associated with each PC (sample weights [u] ) provide us with the relative influence each data point (n) has on the PC. We can compare these values with potential explanatory variables, such as Chl concentration, PQ, and NPQ, in order to empirically attach a biophysical meaning to the PCs.
Results
ChlF Variability Across Species: Leaf-Scale
Three leading spectral components explain 95.4% of the variance in the ChlF spectra across all species (Figure 1 ). As expected, the first PC (PC1) represents the mean spectral shape across all species (Figure 1a) , while the sample weights represent the magnitude of ChlF (Figure 1b) . F t,λ magnitude increases with fAPAR red , but the nonlinearity is likely due to variations in ΦF t,λ , which is modulated by both PQ and NPQ (Figure 1b) . PC2 (Figure 1c ) explains 8.5% of the variance and is dominated by changes in the red region of the spectrum, where Chl molecules reabsorb fluoresced photons. Measured Chl concentration across individual leaves corresponds to this spectral shape (R 2 = 0.68; Figure 1d ). To third order, PC3 explains 2.8% of the variance (Figure 1e ) and shows a positive trend accompanying NPQ (Figure 1f) . Across all species, the linear superposition of only three PCs results in the near complete reconstruction Figures 1g and 1h) . We find that the far-red region of the spectrum is remarkably stable and its magnitude (>740 nm) is tightly correlated to the integral of the entire ChlF spectrum across all samples (Figure 2) . Lastly, no species-or plant functional type-specific clustering from a PC2 versus PC3 biplot was observed, suggesting that changes in the shape of the ChlF spectra are likely not dominated by differences in leaf morphology within individual species ( Figure S5) ; however, leaf structure and optical properties will have an impact on the fraction of ChlF escaping the leaf (PC1), which we cannot account for in this study (Johnson et al., 2005; Vilfan et al., 2016) .
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ChlF Variability Within Species: Leaf-Scale
To further investigate the spectral changes within individual species, we compared leaves of Zea mays (corn), Glycine max (soybean), and Brassica oleracea (broccoli) grown in a greenhouse under high, medium, and low water conditions (Figure 3 ). This experiment shows how the spectral shape might change during the course of a season, where a range of pigments and stress levels may be expressed.
The primary, secondary, and tertiary variance in spectral shapes (Figures 3a, 3c , and 3e) are nearly identical to those observed in the across-species experiment (Figure 1 ). The explained variance of PC1 ranges from 85-89%, 5-8% for PC2, and 1-2% for PC3 across all three species. We find strong relationships between PC1 sample weights and fAPAR red (Figure 3b ), PC2 and Chl concentration (Figure 3d ), and PC3 and NPQ (Figure 3f ). To validate the empirical correlations between sample weights and ancillary data, we created a simple synthetic model by modifying Chl concentration and PSI/PSII contributions from known Chl absorption spectra and derived PSI/PSII shapes (van der Tol, Verhoef, & Rosema, 2009; van der Tol, Verhoef, Timmermans, et al., 2009) . The model reproduces a similar PC2, driven by changes in reabsorption by Chl, and PC3 by relative PSI/PSII contributions ( Figure S6 ), supporting our mechanistic hypothesis.
ChlF Under Varying Illumination: Leaf-Scale
For individual leaves exposed to changing light levels, the mean shape of the spectrum explains over 98% of the variance in the spectrum (Figure 4a ) and its magnitude is, as expected, tightly coupled to changes in ΦF t,λ * PAR red (R 2 = 0.94; Figure 4b ). Across all LRCs, changes in the spectral shape only accounts for 1-2% of the variance, with a consistent pattern across all individuals (Figure 4d ). The sample weights associated with The expected spectral changes in radiance units associated with PC2 and PC3, the first, which we attribute to changes in chlorophyll concentration (green), and the latter which we attribute to changes in NPQ (purple). The solid line refers to the mean spectral shape across all samples. (b) Coefficient of determination for all wavelengths against the integral of the ChlF emission spectrum for all leaves from Experiment 1. Taken together, these results suggest that the far-red part of the spectrum is quite stable and that the spectral region between 675 and 730 nm is where most of the change in the spectral shape of ChlF occurs. PC = principal component.
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To validate that the spectral shape associated with PC2 is driven by changes in NPQ and PQ during the light response curve, we conducted an SVD analysis during rapid photosynthetic induction (i.e., the Kautsky effect, Figures S7 and S8 ). Fluctuations in ChlF spectra during this experiment represent the rapid quenching dynamics associated with changes in NPQ and PQ. During a 180-s exposure to high light after darkness, we find that the mean spectral shape (PC1) explains >97% percent of the variance across all individuals (n = 48) from 12 species ( Figure S7 ). In this case, PC1 is not driven by APAR, but only by PQ and NPQ, representing the spectrally independent effect of NPQ and PQ, which is also present in the findings in Figure 4 , but are masked by APAR. The shape of PC2 ( Figures S7 and S8 ) is nearly identical to PC2 from the light-response curve experiment ( Figure 4d ) and explains about 2% of the variance.
Seasonal Trends in Canopy SIF
At the seasonal time scale, changes in daily red and far-red SIF magnitude show a similar pattern to both APAR and Gross Primary Production (GPP, Figure 5a ), with stronger correspondence to changes in APAR (Figures 5b  and 5c ). The seasonal trends in red:far-red SIF are highest early and late in the season, and consistently low during peak greenness-negatively related to NDVI for most of the season, and positive during rapid vegetative growth (first 10 days; Figures 5d and 5e ). This suggests that high red: far-red SIF ratios early in the season are likely the result of low green leaf area; meanwhile, Chl concentration (spectroscopically retrieved using the equation described in Datt, 1999 ) is high at this time-which we would expect to enhance the reabsorption of red photons at the leaf scale (Goulas et al., 2017) . As the crop begins to senesce later in the season, the red:far-red SIF ratio also increases due to a depletion of Chl pigments (Figures 5e and 5f ). Results suggest that both Chl concentration and canopy structure (NDVI, and accumulation of biomass) play a role in the seasonal red:far-red SIF trends, ultimately changing the quantity of red and far-red photons escaping the canopy ( Figure S9 ). Reflected radiance in the same red to far-red regions as the SIF retrievals clearly indicate that red photons are more likely to escape the canopy early and late in the season ( Figure S9a ). Canopy radiative transfer models such as the Soil Canopy Observation, Photochemistry and Energy model help to understand the impacts of radiative transfer on our interpretation of the red: far-red ratio, with SIF contributions coming from both sunlit and shaded leaves, while scattered photons more readily escape the canopy in the farred ( Figure S10 ). Future work should seek to disentangle SIF contributions under changing radiative environments, which will ultimately aid in decoupling the "physical" from the "physiological" SIF signal.
Diurnal Trends in Canopy SIF
Considering the subtle change in red:far-red ChlF due to changes in NPQ at the leaf-scale, we investigated diurnal trends in this ratio at the canopy scale. Currently, the best remote sensing proxy of diurnal dynamics in NPQ is the PRI (indicative of a daily change in xanthophyll pigment interconversion (Gamon et al., 1992; Garbulsky et al., 2011; Magney et al., 2016) . Both PRI and canopy light-use efficiency (LUE: GPP/APAR) are used to interpret diurnal dynamics in photosynthetic downregulation and red:far-red SIF. To first order, hourly averages in red and far-red SIF track APAR and GPP closely (Figures 6a-6c) , and increases in both SIF and APAR generally correspond to a decrease in the red:far-red ratio (Figures 6b and 6c) . On the hourly time scale, we see a similar midday In the right column, a second-order polynomial is fit to the data by minimizing the variance of the coefficients using a least squares approach. PC = principal component.
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Journal of Geophysical Research: Biogeosciences decrease in LUE, red:far-red SIF, and the PRI (Figures 6d and S11 ). The decrease in red:far-red SIF is subtle and with considerable noise, while the day-to-day variation loosely corresponds to changes in both light (PAR) and photosynthetic downregulation (Figures 6d and S11 ). At peak greenness (25 July 25 and 5 September), when little day-to-day variation in red:far-red SIF occurs, far-red SIF tracks diurnal changes in LUE, where low red:far-red ratios correspond to low LUE (Figure 6e , p < 0.05). The red:far-red ratio does appear to track LUE during this time period (Figure 6d , p < 0.05), but most of this relationship is 
Journal of Geophysical Research: Biogeosciences driven by APAR. Similarly, PRI also corresponds with changes in LUE with similar statistical power (R 2 = 0.21, p < 0.05).
The Red:Far-Red ChlF Ratio and Photosynthesis
Due to the fact that current remote sensing instruments are not capable of retrieving the full ChlF spectrum and can only measure emitted photons within narrow atmospheric windows (i.e., regions of isolated solar Fraunhofer lines, or oxygen A and B bands), we investigate changes in leaf red:far-red F t,λ across two distinct wavelength regions identical to those retrieved from our canopy spectrometer (red = 680-686 nm, far-red = 745-758 nm). As such, we compare changes in the red:far-red ChlF ratio during complete light response curves within individual species against photosynthesis for G. max (soybean) leaves grown under low (circles), moderate (squares), and high (triangles) water stress conditions (Figure 7a) . A systematic decrease in ChlF magnitude across the entire spectral range is found at equivalent light levels driven by the downregulation of photosynthesis and increase in NPQ. The change in red:far-red (ΔF t,red /F t,far-red ) within individual leaves approaches 15% for highly stressed leaves, and about 5% for unstressed leaves. Meanwhile, a decrease in the magnitude of F t,740 (where minimal shape changes occur) of around 40% and a decrease in net photosynthesis of around 75% is found (Figure 7a ).
At the canopy scale during peak greenness (25 July to 5 September), a close correspondence between hourly far-red SIF and GPP is found (Figure 7b ), albeit weaker than that with APAR ( Figure 6 ). During this time we expect little day-to-day variation in red:far-red SIF, but posit that diurnal variation in this ratio could be due to photosynthetic downregulation. However, this is not made obvious by Figure 7b , and a multiple linear regression using both far-red and red SIF to predict GPP only slightly improves the R 2 to 0.55-suggesting that there is limited additive information in the red:far-red SIF ratio for improving predictions of GPP. This does not rule out the potential that red:far-red SIF will likely be more strongly correlated with LUE at a site with a greater range of stress than that observed here. Additionally, we observed a shift from a nonlinear to linear model when scaling the fluorescence/photosynthesis relationship from the leaf to the canopy (Figure 7 ). An explanation for this is likely due to spatial and temporal averaging, whereby as more leaves (and thus leaf angles) are averaged within a larger footprint, the integrated canopy effective APAR is reduced, limiting the high saturation potential of canopy SIF and GPP. Complex scaling issues such as this have been addressed by modeling communities by separating canopies into sunlit and shaded portions or vertically integrating against a radiation gradient, for example (Chen et al., 1999) . Building on this, a quantitatively rigorous explanation is required to explain scaling phenomena as they relate to SIF and photosynthesis, some of which have been explored ( 
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Discussion
From this work, several findings have implications for remote sensing of the SIF spectral shape: (1) across a wide range of species,~85% of the spectral variance in ChlF can be explained by changes in the magnitude of a mean spectral shape. This implies that the spectral shape is quite stable and that all wavelength ranges respond to changes in variable PSII fluorescence yield driven by PQ and NPQ; (2) far-red SIF is more closely correlated to photosynthesis and APAR than red SIF (Figures 5-7) , because it is less prone to re-absorption by Chl at both leaf and canopy scales (Fournier et al., 2012; Yang & van der Tol, 2018) . At the canopy scale, the strong correlation between SIF and APAR ( Figures 5 and 6 ) confirms previous results in crop canopies (Miao et al., 2018; , which makes intuitive sense since APAR covaries with seasonal changes in leaf area in these systems, and is prone to less error than calculated GPP fluxes; and (3) Since wavelengths in the far-red spectrum are less impacted by confounding factors such as chlorophyll or canopy structure ( Figure S12 ), current satellite retrievals in this region may be better suited to assess stress induced downregulation of photosynthesis than changes in the ChlF spectral shape alone.
Our results support a large body of research suggesting that deviations from the mean spectral shape of ChlF are mostly controlled by chlorophyll concentration, which regulates the degree of reabsorption in the red part of the spectrum along the photon escape path (Buschmann, 2007; Gitelson et al., 1998; Lichtenthaler et al., 1990) . As such, two wavelengths alone may be sufficient to pinpoint the primary variance in steadystate ChlF spectra (Figures 1c and 3c) , that is, 685 and 750 nm. However, these wavelengths are also confounded by overlapping spectral changes associated with NPQ, albeit to a lesser extent (Figures 1e, 3e , and 4d). At the leaf scale, we show that the spectrally integrated spectrum is only modulated by 8% through the reabsorption of emitted ChlF, but by up to about 20% in the red region ( Figure 1c) ; notably, the spectral and sample weights would be significantly amplified for highly chlorotic leaves, which are not included in this study. However, at the canopy scale, we do observe an amplification of the red:far-red SIF ratio during senescence (Figure 5d ) because more red photons are prone to escape the canopy when leaves become highly chlorotic (Figures S9 and S10; Fournier et al., 2012; Goulas et al., 2017; Yang & van der Tol, 2018) . Further, while we attribute PC2 at steady-state changes primarily to chlorophyll concentration, confounding effects of leaf-level radiative transfer should not be negated. Variance in the spectral shape of leaf-level ChlF is likely also impacted by structural parameters not measured by this study, including but not limited to cell arrangement, mesophyll structure, leaf thickness, and chloroplast movement. Future research should focus on the impacts of these components on leaf-level radiative transfer, and our interpretation of bidirectional SIF emission (van Wittenberghe et al., 2015) .
In our analysis, we have to distinguish between two different effects controlled by NPQ dynamics: (1) NPQ decreases the overall fluorescence yield, leading to a reduction in the overall magnitude of fluorescence across all wavelengths (e.g., see Figures 4 and 7) , even at 850 nm (Joiner et al., 2012) , where ChlF can be measured from space; and (2) NPQ drives small changes in the spectral shape of ChlF. The challenge of using absolute magnitude changes as a stress indicator from space is to disentangle these from changes in APAR (driven by chlorophyll and leaf area). Research suggests that changes in the spectral shape might help, but we find that these changes impose high requirements on measurement accuracy from space and a sound quantitative understanding of radiative transfer. Rather, information on the red:far-red SIF ratio, or vegetation reflectance data, could be used to decouple the dominant APAR impact on the SIF magnitude (Yang & van der Tol, 2018) . 
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In the deviations from the average spectral shape, we find a ChlF decrease at 680 nm, an increase at 720 nm, and a smaller decrease around 760 nm associated with increased NPQ (PC3 in Figures 1 and 3 ; PC2 in Figure 4 ) are related to changes in the relative contribution of PSI and PSII ChlF. In our comparison of individual leaves across a diverse range of species (Figure 1) , we show that-to third order-the shape of the spectrum varies similarly to the primary variance associated with NPQ dynamics during changes in illumination condition (Figures 4d and 4e ) and rapid photosynthetic induction (Figures S7 and S8) . While the empirical relationship between PC3 and NPQ in this experiment is weak but slightly positive (Figure 1f) , it could be explained by the relatively small influence PC3 has on the overall spectra under conditions where APAR and Chl concentration vary strongly. Another explanation is that NPQ relaxation kinetics in this context are associated primarily with the slow phases of relaxation, whereas the light-response curve experiments examine the rapid or middle phases of relaxation (Horton & Hague, 1988; Quick & Stitt, 1989) . Additionally, if leaves with higher rates of sustained NPQ (more stressed) were included in this study we would expect to see a larger variation in PC3 in Figure 1 , and a greater change in ChlF magnitude. The NPQ related spectral shape shift would also be greater if primarily sun-exposed leaves, which are known to have higher xanthophyll cycle pools and NPQ rates (Magney, Logan, et al., 2017; Niinemets, 2007) , were sampled. Nonetheless, it is remarkable that even at steady state, the SVD analysis is able to capture a tertiary component of variance, despite the relatively small influence this has on the overall spectrum.
The spectral shape associated with changes in NPQ shows a similar pattern to Farooq et al. (2018) and Lambrev et al. (2010) , suggesting that the change at F t,720 is the result of rapidly reversible energy-dependent quenching, whereas the decrease at F t,680 is induced by both PsbS-independent mechanisms and energydependent quenching. Further, the decrease in F t,680 under increasing light has been noted in other works and attributed to changes in PSII compared to PSI fluorescence (Nematov et al., 2017) , since PSI fluorescence is thought to be negligible <680 nm and not modified by changes in NPQ/PQ (Franck et al., 2002; Palombi et al., 2011; Figures S7 and S8) . Indeed, our canopy results show a decrease in red:far-red SIF with increasing light and changes in LUE ( Figures 6 and S12) ; however, even under highly stressed conditions (Figure 7) , the leaf level change in red:far-red ChlF is only 15%, which would require a significant improvement in SIF retrievals (which currently have systematic errors of the same or greater magnitude) to utilize red:far-red SIF to assess NPQ dynamics.
The range of experiments presented is somewhat analogous to how different remote sensing platforms may observe canopies at shorter (diurnal) and longer timescales (seasonal). At the canopy scale, some studies have indicated that red:far-red SIF can vary by over 50% during the course of a day, suggesting that this is a dynamic diurnal response of plants to environmental stress (Cheng et al., 2013; Middleton et al., 2017; Rossini et al., 2016; Wieneke et al., 2016 Wieneke et al., , 2018 . Based on our leaf and canopy measurements, we consider that preferential quenching of PSII alone is unlikely to explain this variation, even for highly stressed leaves (Figures 3 and 7) . However, a notably smaller range of stress (and higher photosynthetic capacity) is experienced for our canopy data in this agricultural setting compared to traditional field conditions. Nonetheless, a systematic decrease in far-red fluorescence magnitude corresponds to changes in photosynthesis at both leaf and canopy scales to a greater extent than changes in red:far-red ChlF in these experiments (Figures 6 and 7) . While the change in red:far-red ChlF at both leaf and canopy scales associated with photosynthetic downregulation is encouraging, it is likely more practical to use the red:far-red ratio to infer changes in canopy structure or Chl from satellite platforms.
Conclusions
Here, a comprehensive statistical analysis of where, why, and to what extent leaf-scale ChlF emission spectra change across a diverse range of species and conditions is used to interpret SIF at the canopy scale. We show that red:far-red canopy SIF is largely controlled by canopy structure (leaf area) and chlorophyll at the seasonal timescale, and that a decrease in red:far-red SIF at shorter timescales (diurnal) is comparable to changes in leaf-level red:far-red F t,λ -potentially due to diurnal dynamics in NPQ or photosynthetic downregulation. However, variations in the ratio that exceed 10-15% should not be attributed to changes solely in PSI and PSII contributions due to dynamic photosynthetic downregulation. Rather, photosynthetic downregulation more aptly corresponds to decreases in the fluorescence magnitude across the entire spectrum. Future work could use the red:far-red ratio to decouple the impact of chlorophyll and canopy
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While the core focus of our work is on the leaf-scale, future research at flux tower sites linking canopy red and far-red SIF (or retrievals from other wavelength windows) to photosynthesis across diverse ecosystems and environmental stressors is warranted. If global retrievals of SIF are to estimate photosynthetic downregulation from changes in the spectral shape alone, a significant reduction in SIF retrieval noise accompanied with high temporal resolutions (i.e., geostationary orbit) will be necessary to detect the small effect of NPQ on red:far-red ChlF dynamics. Even more importantly, small systematic biases can alias into the red:far-red ratio and will need to be kept well below 5%, which is a rather stringent requirement. It remains important for the remote sensing community to understand the fundamental factors influencing changes in the spectral shape of ChlF at multiple scales, and the incorporation of this understanding in radiative transfer models, to fully interpret what we can observe from current and future remote sensing platforms.
